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Effect of small additive molecules on the structural relaxation of polymer melts is investigated via
molecular dynamics simulations. At a constant external pressure and a fixed number concentration
of added molecules, the variation of particle diameter leads to a non-monotonic change of the
relaxation dynamics of the polymer melt. For non-entangled chains, this effect is rationalized in
terms of an enhanced added-particle-dynamics which competes with a weaker coupling strength
upon decreasing the particle size. Interestingly, cooling simulations reveal a non-monotonic effect on
the glass transition temperature also for entangled chains, where the effect of additives on polymer
dynamics is more intricate. This observation underlines the importance of monomer-scale packing
effects on the glass transition in polymers. In view of this fact, size-adaptive thermosensitive core-shell
colloids would be a promising candidates route to explore this phenomenon experimentally.
I. INTRODUCTION
Non-monotonic effects on the glass transition find in-
terest both from fundamental perspective and application
(for a recent review, see [1] and references therein). Mo-
tivated by the prediction of an attractive glass within
the mode coupling theory of the glass transition [2], ex-
periments on colloid-polymer mixtures have revealed a
reentrant scenario, where a repulsive glass first melts upon
addition of small amounts of polymers and then freezes
again at high polymer concentrations [3, 4]. Computer
simulation studies using Asakura-Oosawa binary mixture,
on the other hand, report on the importance of short
time mobilities of the colloid and polymer components for
the occurrence of this behavior [5]. Other, qualitatively
different mechanisms leading to reentrant glass transition
involve quantum effects [6] and confinement [7–9].
While in colloid-polymer mixtures the size of colloids
is far larger than the polymer’s radius of gyration, one
also often encounters situations, where small molecules
penetrate into a polymeric sample (e.g., when a polymer
solid is immersed into a solvent), thereby influencing its
properties. If the polymer sample is a glass former, one of-
ten finds an enhancing effect on the polymer’s relaxation
dynamics, and a corresponding reduction of the glass
transition temperature, Tg [10, 11]. Recent experimen-
tal and simulation studies of this topic involve different
types of small molecules [12, 13] showing that additive
molecules of different molecular structure and polarity
lead to a reduction of Tg thus hinting towards minor role
of interaction energy for the observed effect.
Interestingly, computer simulations report that additive-
induced reduction of Tg is not necessarily accompanied
by a softening of the sample but can lead to an antiplas-
ticizing effect, e.g., enhancement of the local stiffness [14].
As reported in [15, 16], antiplasticizers change the nature
of glass formation by enhancing the packing efficiency in
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the polymer [17] and thus lead to a stronger glass-forming
material [11]. These studies have mainly addressed effects
of additive concentration at a fixed particle size.
Here, we follow an alternative route and keep the num-
ber concentration constant but vary the diameter of ad-
ditive particles. We aim to understand how the particle
size influences the relaxation dynamics of a polymer melt.
To this end, we perform molecular dynamics (MD) simu-
lations of a linear polymer model for different diameters
of the added molecules and for a wide range of tempera-
ture in the supercooled liquid regime. A non-monotonic
dependence of the structural relaxation on particle diam-
eter is found. We discuss the effect of particle size on
the additive molecules’ mobility and on the strength of
coupling to the polymer melt. Based on this, the observed
non-monotonic effect is rationalized on a qualitative level.
Noteworthy, a non-monotonic effect of the particle size
has been reported also in the case of a binary mixture
of soft spheres [18]. Here we focus on a polymer system
and study the effect of added spherical particles for both
non-entangled and entangled cases. It is shown that this
non-monotonic effect persists regardless of entanglement.
II. MODEL AND SIMULATION DETAILS
We chose a linear polymer chain, made of spherical
beads (monomers) [19, 20]. Small additive molecules
are simplified as single spherical particles. Throughout
this paper, the index p and s refer to polymeric beads
(or monomers) and single particle, respectively. With
this convention in mind, all particle-pairs interact via a
Lennard-Jones (LJ) potential,
ULJαβ(rαβ) = 4αβ
[(σαβ
rαβ
)12
−
(σαβ
rαβ
)6]
, (1)
where α, β ∈ {p, s} and rαβ is a short hand notation for
the distance between a particle, i, of type α and another
one, j, of type β: rαβ = |ri,α − rj,β |. The LJ potential is
truncated at a cutoff radius of rc,αβ = 2× 21/6σαβ . The
monomer diameter, σpp, is kept constant throughout the
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Figure 1: (color only online) (a) Schematic view of the model
showing a polymer chain and a number of single molecules.
Labels of the dashed lines give the interaction. In this example,
the diameter of an additive molecule (red) is half the monomer
size (blue), σss = 0.5. The chain’s end-to-end vector is also
sown as an arrow. (b) A snapshot of a simulation. Different
chains are shown with different colors. The additive molecules
(red) can be nevertheless distinguished as they are smaller
than a monomer.
simulation and defines the unit of length (a convenient
way to achieve this is to set σpp ≡ 1). The size of single
molecules, σss, on the other hand, is varied from 0.2 to
1. The parameter σsp is chosen as σsp = 0.5(σpp + σss)
(arithmetic mean). The energy scale of the Lennard-Jones
potential is set to unity regardless of the particle type, i.e.
pp = ss = sp = 1.
The above interactions alone would correspond to a
binary mixture of spherical particles. The polymer char-
acter is introduced by a finite extensible nonlinear elastic
(FENE) potential [19, 21],
UFENE(r) = −1
2
kR20 ln
[
1−
( r
R0
)2]
, (2)
which acts between subsequent monomers along the
chain’s backbone. In Eq. (2), k = 30pp/σ2pp = 30 is
the strength factor and R0 = 1.5 the breaking limit of co-
valent bonds. While the repulsive part of the LJ potential
guarantees that particles do not overlap, the FENE part
of the interactions establishes a relatively strong bond
with an equilibrium bond length of b ≈ 0.96 [22] between
neighboring monomers of a polymer chain, thus ensuring
their connectivity. It is important to note that this bond
length is incompatible with the equilibrium distance of
a purely LJ potential, rmin,LJ ≈ 1.12. Thus, non-bonded
particle pairs prefer a distance different from the bonded
ones. Albeit an ideal crystalline state does exist for this
model (see, e.g., [23]), the presence of two incompatible
length scales leads to a geometric frustration and increases
the life time of metastable (glassy) states [24] far beyond
the currently accessible simulation time window. As will
be shown in the results section, there is no signature of
crystallization in the entire set of simulations performed
in this study.
In all the simulations reported in this work, the number
concentration of additive particles is kept constant at
c = 20%. The mass, m, of an additive molecule is set
(a)
(b)
Figure 2: (color only online) Packing fraction, ϕ =
pi
6
[Ns(2
1
6 σss)
3 + NcNp(2
1
6 σpp)
3]/V = pi
√
2
6
(0.2σ3ss + 0.8σ
3
pp)ρ
versus T at p = 1 for different sizes of the additive molecules.
The upper plot shows equilibrium data for a non-entangled
polymer. The lower panel (b) depicts results of cooling sim-
ulations for an entangled melt. The kink in the data signals
the glass transition (see also Fig. 9a). Here, V is the volume
of the simulation cell, ρ = N/V is the total number density
and Nc the number of polymer chains. Particle diameter is
estimated as the LJ-equilibrium distance.
equal to that of a monomer and is used as unit of mass.
Temperature is measured in units of pp/kB with the
Boltzmann constant kB. All other quantities are given as
a combination of the above described units. The unit of
time, for example, is given by τLJ = (mσ2pp/pp)1/2 and
that of pressure is pp/σ3pp. All the quantities reported
upon in this work are given in the thus defined reduced
LJ units. Equations of motion are integrated using the
Velocity-Verlet algorithm with a time step of δt = 0.003.
Equilibrium simulations are performed using the open
source molecular dynamics simulator LAMMPS [25]. If
one keeps the volume of the simulation cell constant, a
variation of particle diameter at a fixed number concen-
tration would lead to large changes of volume fraction
3(fraction of the volume occupied by particles). In order to
avoid this effect, for all temperatures investigated, first,
NpT -simulations are performed at a constant pressure of
p = 1 using the Nose-Hoover thermostat and Andersen
barostat. In this stage, the average volume, 〈V 〉 (T, p = 1),
is determined at the temperature of interest (see Fig. 2 for
the resulting packing fractions). These NpT -simulations
are then stopped when the system volume approaches this
average value within a given relative accuracy (we chose
10−6). The time is reset to zero and (NV T )-simulations
start at this constant volume using the final configura-
tion of the NpT -run as a starting point. All dynamic
quantities such as mean square displacements and the
autocorrelation function of the chains’ end-to-end vector
(〈REE(τEE + t0) ·REE(t0)〉 / 〈REE(t0) ·REE(t0)〉 = 0.1)
are evaluated based on the data recorded during this
stage of simulation.
Results are reported for two different chain lengths of
Np = 10 and Np = 64 corresponding to non-entangled
and entangled regimes, respectively (recall that the entan-
glement length of the present model is Ne ≈ 32 [21]).
However, while short polymer chains could be equili-
brated deep in the supercooled regime, an equilibration
of long chains turned out to be computationally very
expensive. Therefore, in this case, we have resorted to
non-equilibrium cooling simulations at constant pressure
and have determined the (rate dependent) Tg.
III. STATIC PROPERTIES
Absence of crystallization or, equivalently, the presence
of an amorphous structure, is a necessary condition for
studying a glassy dynamics. We therefore, investigate
here the pair distribution function and the static struc-
ture factor in the presence of additive molecules of various
sizes. For this purpose, we have monitored partial radial
pair distribution functions for monomer-monomer gpp(r),
monomer-additive gps(r), and additive-additive gss(r) par-
ticle pairs at all the temperatures investigated and see no
signature of long range or partial order. A representative
example of the thus produced data is illustrated in Fig. 3
at a relatively low temperature of T = 0.47 supporting
the absence of crystalline order. This motivates us to
perform an analysis of the relaxation dynamics in the
context of supercooled liquids and glass transition. The
next sections are devoted to this issue.
IV. RELAXATION DYNAMICS
An example for the subtle effect of small molecules on
the dynamics of a melt of short polymer chains (Np = 10)
is provided in Fig. 4, where the mean square displace-
ments (MSD) are depicted versus time both for small
added molecules and polymer beads for a selected set
of temperatures and for three different sizes of additive
particles. To allow a direct comparison, also the MSD-
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Figure 3: Monomer-monomer (a), monomer-additive (b)
and additive-additive (c) partial pair distribution functions,
gpp, gps, and gss, respectively, for a non-entangled Np = 10
polymer melt containing a number fraction of 20% spherical
molecules. The parameter σss denotes diameter of added par-
ticles. A comparison to the pure polymer data in (a) (see also
the inset) reveals that the first peak, which occurs roughly
at the bond distance, is enhanced in the presence of (large)
additive particles. In accordance with this, a weakening of the
second (LJ) peak is observed.
4data of additive-free (’pure’) polymer melt at the lowest
investigated temperature (T = 0.45) is shown in all the
three panels.
A survey of the polymer dynamics in Fig. 4a reveals
that, upon cooling, a two step relaxation emerges (solid
lines), which is best developed in the case of pure melt.
This characteristic feature of a glassy dynamics is visible
in the plateau-like cross over regime which spans an in-
termediate time window between the short time ballistic
dynamics (∼ t2) and the long time diffusive behavior
(∼ t) and which becomes wider with decreasing T . The
plateau regime is a hall mark of local temporary arrest
of a particle in the nearest neighbor cage surrounding
it. Departure from this plateau necessitates the relax-
ation (also some times called ’breakage’) of this cage and
thus cooperative rearrangement of neighboring particles.
From this perspective, the presence of a plateau in MSD
can be regarded as a signature of the coupling between
the dynamics of a single particle (monomer or additive
molecule) and its surrounding medium.
Guided by the above interpretation, we next investigate
the similarity and differences between the dynamics of
additive molecules and monomers. As shown in Fig. 4a,
in the case of σss = 1, the dynamics of added molecules
at intermediate times follows a trend similar to that of
the polymer beads. As suggested in [26] for the case of a
binary soft sphere system, such a behavior is indicative
of a strong coupling between the dynamics of additive
molecules and polymer (see, e.g., black dashed line which
closely follows the black solid line up to a time of t ≈ 30).
It is also visible from the MSD-data that the long time
diffusive motion of additive molecules is faster than that
of monomers (note that, in the present log-log plot, a
higher diffusion coefficient shows up as an upward shift
of the curve).
This observation, together with the presence of a strong
coupling, suggests that the polymer dynamics shall be
enhanced in the presence of additive molecules. This
expectation is indeed born out in Fig. 4a by comparing
the black solid line with connected circles, the latter
representing polymer dynamics at the same temperature
and pressure (T = 0.45, p = 1) but in the absence of
additives.
It is noteworthy that an acceleration of polymer dy-
namics by added spherical molecules has been reported
in [10] for the same particle size. Interactions between
monomers and additive molecules in that work are, how-
ever, weaker as compared to the monomer-monomer and
additive-additive ones. In the present work, we chose
identical interaction strength between all particles within
the simulation cell regardless of their species (additive or
monomer). This difference in the two models affects the
results on quantitative level, but, interestingly, qualitative
trends seem to be similar. However, the present study
focuses on particle size effects, an issue not addressed
in [10].
It is also seen from Fig. 4 that the polymer dynamics is
first enhanced by decreasing the size of additive molecules
(a)
(b)
(c)
Figure 4: (color online) Mean square displacement of
monomers (solid lines) and additive molecules (dashed lines)
for different σss as indicated. Color encodes T . In all the
panels, open circles repeat the pure-polymer-data at T = 0.45.
In (a), a relatively strong additive-polymer coupling can be
inferred from a survey of MSD at intermediate times. This
coupling allows single molecules to impart their higher mo-
bility to the polymer, thereby enhancing the polymer-MSD
compared to a pure melt (cf. black solid line with open cir-
cles). (b,c) Smaller additive molecules diffuse still faster but
couple less strongly to the polymer dynamics. As the size
of single molecules decreases, their higher mobility first wins
over a weakened coupling to polymer (σss = 1.0→ 0.5). But
this trend is reversed for still smaller sizes (σss = 0.5→ 0.3).
Dotted lines are guides for the eye, highlighting diffusive (∼ t)
and quasi-Rouse-like (∼ t0.63) dynamics [24].
5from σss = 1.0 to σss = 0.5 (panels (a) → (b); this is
best seen by surveying the difference to reference ’pure
polymer’-curve, which is repeated in all the three panels)
but then it slows down upon a further decrease of σss
(Fig. 4 (b) → (c)). A plausible interpretation for this
observation can be found by invoking competing effects
of the mobility of added spherical molecules and polymer-
additive coupling strength. As can be inferred from a
survey of dashed lines in Fig. 4a-c, the diffusive dynamics
of additive particles becomes faster with decreasing size.
At the same time, the polymer-additive coupling becomes
weaker. While the enhancement of additive particles’
mobility wins over the effect of weaker coupling as σss
decreases from 1 to 0.5, the strong decoupling, which
is clearly observed in the case of σss = 0.3, lets hardly
a possibility for additive molecules to share their high
mobility with monomers.
An alternative analysis of the polymer-additive cou-
pling is illustrated in Fig. 5a, where diffusion coefficient
is plotted versus inverse temperature both for the case of
single particles and polymer chains. The figure shows re-
sults for three different choices of particle diameter σss. It
is seen from this plot that, for the largest diameter shown
(σss = 1.0), diffusion coefficient of additive molecules, Ds,
has the smallest difference to the polymer diffusion, Dp.
This is also clearly visible in panel (b) of the same Figure,
where the ratio of these diffusion coefficients is shown. At
the same time, Ds/Dp versus 1/T follows essentially a
constant horizontal line indicating that, upon decreasing
temperature, diffusion coefficient of single molecules slows
down as strongly as that of polymer. This signals a strong
coupling between the two quantities. For σss = 0.5, the
ratio of diffusion coefficients is no longer constant with
temperature. Thus, as T decreases, additive molecules do
not slow down as fast as polymer, suggesting a certain
degree of decoupling. This trend is further enhanced in
the case of (σss = 0.3).
The issue of coupling is examined further via a study
of the so-called non-Gaussian parameter (NGP). Figure 6
depicts this quantity for the above discussed three typ-
ical values of σss, evaluated using the displacements of
added particles and monomers separately. While in the
case of large particles diameter (σss = 1) additive- and
monomer-specific NGPs reach their maximum values at
roughly the same times, the time interval between the
two grows significantly as σss decreases. Recalling that
the maximum of non-Gaussian parameter is a measure
of coupling between the dynamics of a particle and its
neighboring ones, the proximity of peaks for polymer and
additive can be interpreted as a signature of their coupling
strength.
V. EFFECT ON GLASS TRANSITION
The above discussion on the competition between a
faster dynamics of smaller additive molecules on the one
hand and a decreasing coupling to the polymer dynamics
(a)
(b)
(c)
Figure 5: (color online) (a) Arrhenius plot of diffusion coeffi-
cient, D, of polymer chains (solid lines) and additive molecules
(dashed lines) for three different diameters of the additive
molecules as indicated. Diffusion coefficients are obtained
from linear fits to long time dependence of mean square dis-
placements. (b) The ratio of diffusion coefficient of additive
molecules to that of polymer chain, Ds/Dp, versus inverse
temperature. This ratio follows essentially a horizontal line
in the case of largest additive molecules investigated (σss = 1)
but reveals enhanced decoupling in the case of smaller di-
ameters. (c) Different types of mean square displacement,
which can be defined in a system composed of linear chains.
The plot highlights that MSD for the chain’s center of mass
reaches the diffusive scaling earlier than its all-monomer, inner-
monomer or end-monomer counterparts. Therefore, we used
this quantity to extract Dp.
6Figure 6: (color online) Non-Gaussian parameter versus time
at a temperature of T = 0.47. Solid (dashed) lines correspond
to polymer beads (additive particles). The maximum of NGP
for added particles and monomers occur roughly at the same
time in the case of σss = 1, but the gap between the two peaks
grows for smaller additive diameters.
on the other hand raises the question about a possible
non-monotonic variation of the polymer relaxation dy-
namics with particle diameter. This section focuses on
this issue. For this purpose, we show in Fig. 7 polymer
dynamic data at a fixed temperature of T = 0.45 both for
the pure polymer melt and polymer-additive mixture for
three representative particle sizes. When compared to the
corresponding pure melt-data, both the single particle dis-
placements and the autocorrelation function of the chains’
end-to-end vector show a faster dynamics in the presence
of additive particles. More interestingly, however, this
enhancement is the strongest for an intermediate parti-
cle diameter of σss = 0.5 and weakens both towards the
smaller (σss = 0.3) and the larger (σss = 1.0) diameters.
Thus, polymer dynamics in the presence of spherical ad-
ditive particles varies in a non-monotonic way with the
size of added molecules.
In order to put this non-monotonic effect on a more
quantitative footing, we have performed extensive set
of simulations and have investigated temperature depen-
dence of the two different structural relaxation times,
obtained from mean square displacements of chains’ cen-
ter of mass (COM) and from the decay of the chains’
end-to-end autocorrelation function for different particle
sizes. The use of COM is motivated by the fact that
this quantity reaches the diffusive regime earlier than
single- or all-monomer based MSD. As shown in Fig. 8,
the data show a clear signature of non-monotonic size
effect at low temperatures. The fact that both MSD of
chains’ COM and end-to-end autocorrelation function
show similar trends in terms of particle size effects is very
interesting as it suggests a close connection between cage
effects and conformational relaxation of polymer chains.
It is also visible from the data shown in Fig. 8 that the
non-monotonic size effect shows up only at low tempera-
(a)
(b)
Figure 7: (color online) Non-monotonic effect of particle diam-
eter on the relaxation dynamics of a polymer melt. (a) Mean
square displacement of the innermost monomers versus time
at a temperature of T = 0.45 (supercooled state) for various
molecular diameters, σss, as indicated. The data for a pure
melt is also shown (open circles). (b) The same type of analy-
sis but using the autocorrelation function of the end-to-end
vector. Both in (a) and (b), the inset shows the relaxation
time versus σss, extracted from the corresponding dynamic
data. The intersection of the curves with horizontal dotted
lines give the relaxation time.
tures, i.e., when approaching the glass transition, whereas
a monotonic dependence is seen at higher temperatures.
This interesting behavior is closely connected to fragility
as discussed, e.g., by Riggleman and coworkers [11]. In-
deed, one can observe a change in the rate of dynamic
slowing-down upon cooling for different particle sizes in-
vestigated. This issue deserves a detailed analysis on
its own right. Here, we are mainly interested on what
happens to the glass transition and thus focus on the low
temperature behavior.
To proceed further, we apply power-law fits to the
above described relaxation times within the ideal mode
7(a) (b)
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Figure 8: (a,b) Log-linear plot of the relaxation times versus T obtained from (a) mean square displacements of chains’ COM
and (b) the decay of the chains’ end-to-end autocorrelation function for a non-entangled polymer melt (Np = 10) containing
small molecules at a fixed number concentration of c = 20%. Each symbol corresponds to a diameter, σss, of additive molecules
as indicated. At low temperatures, the variation of the relaxation time with the size of small molecules follows a non-monotonic
trend (see, e.g., the data along the vertical dotted line at T = 0.47). Interestingly, this non-monotonic variation crosses over to a
monotonic size effect at higher temperatures (see the data along the vertical dotted line at T = 0.6). Panels (c,d) show the
same data in a log-log scale versus T − Tc(σss), i.e., the distance from respective mode coupling critical temperaturagilityre (see
Table I).
coupling theory (MCT) for the glass transition [27],
τ(T ) ∼
∣∣∣T − Tc∣∣∣−γ . (3)
Here, Tc is a critical temperature at which the relaxation
times ideally vanish. The power-law exponent, γ, is not
arbitrary but is predicted to be equal to two within ideal
MCT. For the present polymer model in the absence of
additive particles, previous studies yield a value of γ =
1.95± 0.15, which is quite close to this prediction [24, 28].
Ideal MCT also predicts that the critical temperature
Tc is independent of the specific dynamic quantity under
consideration. To check this idea, we apply Eq. (3) to
diffusion data as well. Results on Tc and γ obtained from
this MCT-analysis are compiled in table I. In performing
this analysis, we have followed the strategy to find a
unique Tc for all three dynamic quantities (τMSD, τEE
and D) but have allowed a variation of the exponent
parameter to obtain the best fit-result. As shown in
table I, within the present accuracy, the thus obtained
values of γMSD, γEE and γD are close to each other.
It is noteworthy that, even though at the edge of com-
putationally affordable limits, our equilibrium simula-
tions are restricted to temperatures above Tg. Moreover,
the range of validity of MCT-fits extends in best case
to 2-3 decades in time. This latter issue is related to
the fact that ideal MCT does not account for activated
("hopping") processes, which become relevant close to
Tc. As seen from the data shown in Fig. 8c,d, ideal
MCT overemphasizes the slowing down of the dynam-
ics at low temperatures. Therefore, we have performed
additional tests to corroborate the thus obtained results
on the non-monotonic behavior further. As an exam-
ple, table I also contains information about the so-called
Vogel-Fulcher-Tammann temperature, T0. This tempera-
ture characterized the divergence of relaxation times via
show a non-monotonic variation with the size of additive
molecules, σss. Here, T0 is the so-called Vogel-Fulcher-
Tammann (VFT)-temperature, defined via the formula
8(a)
(b)
Figure 9: Effect of molecular diameter on the glass tran-
sition temperature, Tg, of entangled (Np = 64) and non-
entangled (Np = 10) polymers, containing a fixed concen-
tration (c = 20%) of small molecules. In both cases, Tg is
obtained via cooling simulations at a rate of T˙ = 10−4 (LJ
units). The particle size effect is non-monotonic regardless
of entanglement. For the case of non-entangled chains, the
mode-coupling critical temperature, Tc, extracted via fits of
the equilibrium relaxation times to Eq. (3) and the VFT-
temperature, T0, defined via Eq. (4), are also shown. Filled
symbols indicate the corresponding data for the pure melt.
τ(T ) = τ0 exp
[ C
T − T0
]
, (4)
where τ0 and C are constants. A derivation of this pop-
ular formula has been given by Edwards and Vilgis for
rod-like particles [29, 30]. Due to its remarkable sim-
plicity, it is also worth to briefly outline here a simple
derivation based on the free volume approach, following
the arguments given in [31]. Recalling that free volume,
vf , is dilutely distributed at high densities characteristic
of the glass transition, one can assume its statistical in-
dependence and write for its probability of occurrence,
p(vf) = (1/vf) exp(−vf/v¯f), where v¯f is the average free
volume (v¯f = V/N−v0 with v0 being the volume occupied
by a molecule). Relaxation can occur if there is a free
volume larger than a critical size, vc. This yields for the
relaxation time τ ∝ exp(−vc/v¯f). Equation (4) is readily
obtained by expanding v¯f around T0, a temperature at
which the average free volume vanishes: v¯f = A(T − T0),
with A > 0 being related to thermal expansion coefficient.
As seen from table I, both the mode coupling critical
temperature, Tc, and the VFT-temperature, T0, show a
non-monotonic dependence on diameter of the additive
molecules, σss. In view of the fact that a non-monotonic
size effect also occurs in binary mixtures of spherical
particles [18], this phenomenon seems to be dominated by
packing effects rather than polymer specific features. A
question of interest here is whether the effect "survives" if
the chain length increases from the presently studied value
of Np = 10 to a value beyond the entanglement length of
the model, Ne ≈ 32 [21]. To answer this question, we have
investigated the same linear polymer model with Np = 64,
which is roughly twice the entanglement length of the
model. However, time necessary for an equilibration of
this model is by orders of magnitude larger than that of the
shorter chains. Noting that we have already reached limit
of accessible computation time in the case of Np = 10 (see,
e.g., Fig. 4, which covers eight decades in time), repeating
exactly the same type of analysis for the longer entangled
chains is currently impractical.
Therefore, a pragmatic and computationally less de-
manding alternative is followed here via a survey of system
volume versus temperature during constant pressure cool-
ing simulations (Fig. 9a). Results on Tg obtained from
these studies are depicted versus additive particles’ di-
ameter in Fig. 9b for the both non-entangled (Np = 10)
and entangled (Np = 64 ) polymer melts. The fact that,
regardless of entanglement, Tg shows a non-monotonic
variation with σss, highlights the primary role of packing
effects as compared to polymer specific aspects for this
phenomenon. For the sake of completeness, the data on Tc
and T0 from table I are also added to the plot supporting
further this non-monotonic behavior.
We also remark that, due to this restriction to cooling
simulations, effects of additive molecules on the segmental
dynamics and chain relaxation could not be directly ad-
dressed for entangled chains. In this context, it would be
very interesting to investigate how particle size influences
the recently suggested connection between the additive’s
Debye-Waller factor and the polymer’s segmental dynam-
ics [33]. This issue deserves a thorough study on its own
right and is postponed to a future work.
VI. SUMMARY AND OUTLOOK
In this work, the effect of small additive molecules on
structural relaxation in polymer melts is investigated via
molecular dynamics simulations. Polymeric molecules
are modeled as linear chains of beads and small additive
molecules are simplified as single spherical particles. The
same energetic parameters are used both for polymer-
polymer, polymer-additive and additive-additive inter-
actions. All the simulations are performed at the same
9σss 1.0 0.8 0.5 0.30 pure polymer [21, 32]
T0 0.35 ± 0.02 0.35 ± 0.03 0.3 ± 0.03 0.34 ± 0.02 0.36 ± 0.03
Tc 0.43 ± 0.01 0.43 ± 0.01 0.38 ± 0.01 0.43 ± 0.01 0.45 ± 0.01
γEE 1.95 ± 0.15 1.95 ± 0.15 2.5 ± 0.2 2.4 ± 0.1 2.05 ± 0.15
γMSD 2.0 ± 0.1 2.0 ± 0.1 2.6 ± 0.2 2.4 ± 0.1 2.0 ± 0.15
γD 2.1 ± 0.1 2.0 ± 0.1 2.5 ± 0.2 2.2 ± 0.1 1.9 ± 0.1
C/T0 1.9 ± 0.1 1.9 ± 0.1 2.8 ± 0.1 2.0 ± 0.2 1.8 ± 0.2
Table I: Survey of the VFT-temperature, T0, mode coupling critical temperature, Tc, the critical exponent, γ, and the so-called
VFT-fragility parameter, C/T0, for different diameters of additive particles, σss and for the pure polymer melt. T0 is determined
via fits to Eq. (4) both for the film and for the bulk. As to Tc, we determined Tc(σss) from fits to Eq. (3). T bulkc and γbulk were
known from previous analyses [21, 32]. Note that, for all σss investigated, Tc(σss) lies well below the critical temperature of pure
polymer melt.
constant pressure. The particle number concentration of
additive particles is kept at 20%. The particle diameter is
varied from that of a monomer size to significantly smaller
values. Given this setup, the following observations are
made: (i) When compared to the pure polymer melt at
the same temperature and pressure, for all particle di-
ameters investigated, polymer dynamics is enhanced in
the presence of additive molecules. (ii) At sufficiently low
temperatures, this enhancement is most pronounced for
an intermediate particle size of roughly half the monomer
diameter and weakens towards both smaller and larger
particles. (iii) Regardless of the dynamic quantity un-
der consideration, this non-monotonic size effect persists
in the mode coupling critical temperature, Tc, and the
Vogel-Fulcher-Tammann temperature, T0. (iv) Glass tran-
sition temperature, Tg, obtained from constant cooling
rate simulations confirm this non-monotonic trend further.
(v) This particle size effect on Tg occurs both for entan-
gled and non-entangled polymers. Considering that a
non-monotonic particle size effect has been also observed
for the case of a binary liquid mixture [18], our results
strongly suggest the packing effects to play a major role
for this phenomenon. One can thus expect a close con-
nection between our work and a recent mode coupling
theoretical study for a binary mixture of hard sphere
colloids with size disparity [34]. Indeed, as of the revision
of this manuscript, we have been informed that MCT
is able to predict the non-monotonic size-effect reported
here (Thomas Voigtmann, private communication). In
this context, a very recent theoretical development, a
generalization of elastically collective nonlinear Langevin
equation (ECNLE) theory, deserves special notice [35].
As inferred from curve crossings in Fig. 3 of this reference,
a non-monotonic size effect, albeit along a different ther-
modynamic path, is clearly present for a system which
mimics a colloid mixture. It would be very interesting to
explore in future studies both the ideal MCT as well as
the ECNLE theory directly for the situation considered
in the present work.
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